Hernia surgery continues to draw the attention of surgeons, patients, and the industry. This strong interest has driven the establishment of professional medical societies with the sole purpose of furthering the understanding of hernias and hernia repair. In the more than 100 years of development, industry has played a major role in advancing the technology to perfect the performance of hernia repair with the hope of establishing the "best" technique and its associated technology. However, with the development of newer prosthetics and approaches to hernia repair, many surgeons do not fully understand the properties of the available prosthetics. The goal of this review is to highlight the different types of meshes in an effort to clarify to surgeons what types of materials are available to them and how to select an appropriate one for a given case.
Introduction
The term "prosthesis" is derived from the Greek "to place before". Its application to hernia repair was preceded by appliances devised to temporarily control protrusions. Primitive man probably treated hernia by simple measures, but as civilization progressed reducible hernia was retained by bandages or girdles, and strangulated hernia was treated by rest, diet, purgation, and the application of cold water. Ancient art and writings prove that hernia was known long before the time of Christ. It was described by the ancient Egyptians and Greeks, including Hippocrates, who related that trusses had been found in Egyptian sarcophaguses. Gold wire was used as suture followed by the use of silver strands woven into filigrees for the first hernia prosthesis by ancient Greeks. 1 In 1940,
Burke introduced Tantalum metal sheets most closely resembled a true prosthesis as used today. 2 Severe complications, patient discomfort, and material resorption led to research into other materials. Theodore Billroth is credited with envisioning the current practice of prosthesis repair. In 1857, he proposed "If we could artificially produce tissue of the density and toughness of fascia and tendon, the secret of the radical cure of the hernia repair would be discovered". 3 This statement provided support to pioneers in prosthetic repair. The ability to polymerize carbon compounds revolutionized hernia surgery through the development of plastics. Nylon was the first plastic material used as a suture and was later woven into mesh prosthesis for hernia repair. 4 Nylon was not suitable in hernia repair because it lost strength over time due to hydrolytic digestion and it required explantation if infected. Koontz et al, 5 in 1959, proposed the search for a non-metallic, synthetic, non-absorbable material that was resistant to infection. This led to the testing of many materials including Polypropylene (PP), polytetrafluorethylene (PTFE), dacron, orlon, polyethylene, mylar and marlex.
Mesh materials
Since the introduction of PP in 1962, four different material groups have become available for hernia repair and abdominal wall reconstruction: PP, PTFE, ePTFE and Polyester (POL). PP is a hydrophobic polymer of carbon atoms with alternating methyl moieties. This material is flexible, strong, easily cut, readily integrated by surrounding tissues and resists infection. The monofilament nature provides large pores facilitating fibrovascular ingrowth, infection resistance and improved compliance. PP remains the most popular material in mesh hernia repair. 6, 7 PTFE is a chemically inert synthetic fluoropolymer which has a high negative charge, therefore water and oils do not adhere to it. This material does not incorporate into human tissue and becomes encapsulated. Poor tissue incorporation increases hernia recurrence and an infected PTFE mesh must be explanted. PTFE is micro porous, which allows bacteria passage but prevents macrophage passage; therefore the body cannot clear the infection. 8, 9 PTFE was expanded to be improved, and it became a uniform, fibrous and micro porous structure with improved strength called ePTFE. Although it is not incorporated into tissue and has a high incidence of seroma formation, ePTFE remains inert and produces little inflammatory effects, which allows it to be placed directly on viscera.
POL is a carbon polymer of terepthalic acid and can be fashioned into strong fibers suitable to be woven into a prosthetic mesh. It is a hydrophilic material and is degraded by hydrolysis.
Synthetic meshes
The large number of available synthetic mesh options illustrates the lack of a single best material. A synthetic mesh should be biocompatible, strong, resistant to infection, non-immunogenic and minimal bioreactivity. Two pathways exist for implanted meshes, degradation or incorporation. Tissue incorporation is the goal and depends upon the material, density, three-dimensional construction, filament type, pore size, compliance and electric charge. 6 In Table 1 , a number of different meshes is listed, including some mesh specific features. It is extremely important that surgeons understand the full range of physicomechanical properties of mesh materials, particularly the extent to which these properties affect the body's response to the implanted material. Therefore, for better understanding some of the terminology used to describe the biomechanical properties of meshes are defined and summarized in Table 2 .
Pore size
Pores must be more than 75 mm in order to allow infiltration by macrophages, fibroblasts, blood vessels and collagen. Meshes with larger pores allow increased soft tissue ingrowth and are more flexible because of the avoidance of granuloma bridging. Granulomas normally form around individual mesh fibers as part of the foreign body reaction. Bridging describes the process whereby individual granulomas become confluent with each other and encapsulate the entire mesh. If the mesh has small pores of less than 800 mm, granuloma is more likely to form, and encapsulate the entire mesh leading to a stiff scar plate and reduced flexibility.
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Surgical meshes used for hernia repair were classified by Amid 12 according to their pore sizes. Use of multifilament or monofilament meshes affects pore size.
Multifilament meshes have smaller pore sizes, typically 10 mm or less thus inhibiting rich collagenous ingrowth and immune cell surveillance. 10 
Weight
Synthetic meshes are grouped as heavyweight or lightweight. The weight of the mesh depends on both the weight of the polymer and the amount of material used. 6, 10 Heavyweight meshes use thick polymers, have small pore size and high tensile strength. These meshes typically weigh 100 g/cm 2 (1.5 g for 10 Â 15 cm mesh). Lightweight meshes are composed of thinner filaments and have larger pores (>1 mm). Their weight is typically 33 g/cm 2 (0.5 g for 10 Â 15 cm mesh). These meshes contain less material, initiate a less pronounced foreign body reaction and are more elastic. Therefore, a decreased inflammatory response results in better tissue incorporation, increased compliance of the prosthesis, and decreased patient discomfort and pain. A new generation of even lighter meshes includes the titanium/ propylene composite meshes. These have been shown to be associated with more rapid recovery in a recent, randomized controlled trial. 13 Bellón et al. 14 stated that there was no significant difference in tissue incorporation, inflammatory response or tensile strength between a heavyweight and a lightweight PP mesh. The greater material density in a heavyweight meshes can generate a greater foreign body reaction as well as decrease the compliance of the defect site. 14 Klinge et al. 15 found that the lightweight PP mesh exhibited better tissue integration however these meshes had different pore sizes leading to the conclusion that pore size may be a significant factor for tissue ingrowth. Data is emerging that some previously thought inert materials, such as PP, are actually degraded. 16 PP provokes a chronic inflammatory response that degrades PP via oxidation, and as a result, the mechanical properties of the mesh are altered. This data lends support for the use of lightweight meshes in decreasing the inflammatory response. The greater foreign body load stimulates a greater inflammatory response leading to greater scar formation, decreased abdominal wall and graft compliance, decreased tissue incorporation, greater graft shrinkage (>50% with PP in some animal models), increased pain and patient discomfort. 17 Mesh contraction occurs in all synthetic meshes to a certain degree. 17e20 The greater the inflammatory response evoked by the mesh also causes greater degree of contraction, which can lead to hernia recurrence as the mesh pulls away from the surrounding repair. Numerous randomized prospective trials have evaluated lightweight versus heavyweight mesh in ventral hernia repair with equal outcomes in ventral hernia repair recurrence. 21e23 The choice between a lightweight and heavyweight mesh is multifactorial and superiority has yet to be proven.
Elasticity and mesh strength
A deterioration of the tensile strength of the mesh or an increase in the ability of the mesh material to stretch could potentially lead to hernia recurrence or a poor functional result. Therefore, mesh materials must also possess the biomechanical properties necessary to withstand the stresses placed on the abdominal wall. This means that once the surgical mesh is implanted, some of the flexibility of the abdominal wall should be preserved. The natural elasticity of abdominal wall at 32 N/cm is about 38%. Lightweight meshes have an elasticity of about 20e35% at 16 N/cm, whereas heavyweight meshes have half of this elasticity (4e15% at 16 N/ cm), and can restrict abdominal distension. 24 Therefore, choosing a stronger mesh prosthetic should proceed cautiously. On the other hand, strain values greater than 30% indicate that these materials may stretch more than the native human abdominal wall, so may not maintain a functional repair and could result in bulging or recurrence. 25 Strength depends on filament type (multi-or mono-), wowen or knitted, and the polymer type. Knitted meshes (e.g. Marlex, Dacron and Prolene) have greater flexibility and larger pores, but are not as strong compared to woven meshes. Knitted meshes can be stretched in any direction, whereas woven meshes allows stretching only in the direction oblique to the ninety degree intersection of the their strands. Orientation of the mesh also affects physicomechanical properties during implantation. Therefore, meshes with anisotropic stretchability (e.g. InfinitÔ, UltraproÔ) should be orientated with the most stretchable axis in the direction of least overlap to prevent early mesh dislocation.
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The maximum intra-abdominal pressure generated in healthy adults occurs during jumping, and estimated to be about 170 mmHg. 29 Meshes used to repair large hernias need to withstand at least 180 mmHg before bursting. All synthetic meshes are sufficiently strong. 26, 30 Most commonly used mesh prosthetics have a tensile strength of at least 32 N/cm. 14 This is easily achieved as even the lightest meshes will withstand twice this pressure without bursting (burst pressure of Vypro ¼ 360 mmHg). 24 This means that the tensile strengths of more than 100 N/cm of conventional heavyweight meshes (e.g. Prolene) are disproportional and not necessary for an effective repair. 10, 24, 25 Therefore, mesh hernia repair failure often results from the separation of the meshefascia interface; not the mesh failing.
10 Table 1 Commonly used non-absorbable synthetic meshes together with the main differences in material type, pore size, yarn structure and mesh strength. Maximum stress that a material subject to a stretching load can withstand without tearing or breaking Burst strength
The maximum uniformly distributed pressure applied at right angle to its surface that a material will withstand under standardized conditions pressure/unit area Elasticity Property of a material whereby it changes its shape and size under the action of opposing forces, but recovers its original configuration when the forces are removed Stiffness Ratio of steadily increasing or decreasing force acting on a deformable elastic material to the resulting displacement or deformation Compliance Unit displacement or deformation of a material as the result of application of a unit force Isotropy When a material do not exhibit differences in properties based on the direction of the applied load, the material is said to be isotropic a American Society for Testing and Materials specification D4850 defines terminology related to textile fabrics. These same terms are also used in description, testing and performance of mesh materials. 28 
Composite meshes
These combine more than one material and are the basis of most new mesh designs. The main advantage of the composite meshes is that they can be used in the intraperitoneal space with minimal adhesion formation (Table 3) . They require a specific orientation: the visceral side has a micro porous surface to prevent visceral adhesions, whereas the non-visceral side is often macro porous to allow parietal tissue ingrowth. Despite the vast selection of brands available, nearly all these meshes continue to use one or other of three basic materials; PP, POL and ePTFE, which are used in combination with each other or with additional materials such as titanium, omega 3, monocryl, polyvinylidene fluoride (PVDF) and hyaluronate. However, all of them come with some disadvantages, contrary to the manufacturers' literature. 6, 10, 31 There are two categories of composite meshes: absorbable and permanent. Barrier coatings in absorbable composite meshes require hydration prior to usage, and they are not amenable to modification, so they cannot be cut. However, they allow for neoepithelialization of the mesh before visceral adhesion, which mitigates viscera-mesh related complications, and can aid in tissue ingrowth. Parietex Ò composite mesh was the first to offer a resorbable collagen barrier on one side to limit visceral attachments and a three-dimensional polyester knit structure on the other to promote tissue ingrowth and ease of use. The collagen film is composed of glycerol, polyethylene glycol, and porcine collagen. This balance of material properties produces superior cellular proliferation when compared to PP mesh in vitro and works with the body's natural systems to provide rapid fibrous ingrowth, minimal shrinkage, and strong tissue integration. 32, 33 Permanently combined meshes take advantage of the properties of both macro and micro porous meshes. A micro porous mesh permits placement adjacent to viscera, whereas macro porous mesh promotes parietal tissue ingrowth. These meshes can be modified and are easily cut to fit specific applications. They have also been demonstrated in animal models to lessen visceral adhesions and complications. 34 These properties permit intraperitoneal place- ). There are also absorbable synthetic meshes which are used in contaminated cases where primary abdominal closure is not feasible. These absorbable materials provide a lattice for new collagen formation and then become absorbed, so they are not suitable for permanent hernia repair. The recurrence rate is >50%, but whatever recurrences develop could be repaired at a later date with a non-absorbable mesh. Dexon Ò (polyglycolic acid) and Vicryl Ò (polyglactin 910) are examples of such meshes.
Bioprosthetics
Most challenging complex hernias involve an open abdomen, contamination, and/or gross infection, conditions that make permanent prosthetic mesh inappropriate. In this setting, temporary or bioprosthetic meshes are considered. Primary closure at the time of initial operation or second look operation with a biologic prosthesis may prevent the need for highlymorbid staged repairs. Biologic grafts have reported success in ventral hernia repair in contaminated fields of at least 75%; and up to 90% in clean cases however long term follow up is limited. 35 There was previously a short list of bioprosthetics, but as the need for such meshes has expanded and technology has progressed, the field is now rich with choices. They differ based on their source (human or animal), composition (dermal, pericardial or submucosa) and methods of processing (stripping, cross-linking). They are more durable than absorbable nonbiologic mesh, and have the potential for permanent hernia repair under the worst of circumstances.
Biologic grafts are acellular collagen matrices implanted during hernia repair to facilitate native tissue incorporation. The main goal is to provide the extracellular components necessary to complete healing, allow for the reconstruction of new and healthy tissue, and restore mechanical and functional integrity to the abdominal 36 Collagen cross-linking increases the strength of the biologic graft. As the density of collagen cross-linking increases there are decreases in cellular infiltration (decreased angiogenesis), increased fibroblast encapsulation and increased resistance to degradation by the body. 37 Biologic grafts that undergo stripping or collagen cross-linking are less able to stimulate or retain cellular growth factors to promote angiogenesis. This results in less graft incorporation and a residual foreign body. Since the density of collagen cross-linking that allows sufficient angiogenesis to sustain recapitulation is unknown, the use of collagen cross-linked grafts should be considered cautiously. 6 In Table 4 , a number of most current and available types of biologic meshes are listed with their specific features.
Conclusions
Contemporary repair of hernias is supported by strong evidence and calls for a tension-free repair with placement of mesh in majority of cases. Before selecting a mesh for an individual patient, a surgeon must take into account patient characteristics (such as age, defect size, obesity, underlying disease process, etc.), and mesh properties to determine the appropriate treatment. The mechanical compatibility between the hernia meshes and the abdominal wall layers plays an important role in avoiding postoperative complications and recurrences. These problems are preventable and required understanding of mechanical properties of prosthesis. When choosing a mesh, the surgeon must consider the context in which it is to be used. However, a surgeon's approach is often based on tradition rather than clinical evidence. In most situations, one should look for a lightweight mesh, with large pores and minimal surface area. Ideally, it should consist of monofilament. Therefore, a PP or POL mesh usually suffices. If the mesh is to be placed in contact with the viscera, a hybrid mesh with an absorbable surface should be chosen.
In infected cases, an absorbable mesh, such as polyglycolic or polyglactin is recommended. If an additional cost can be justified, biomaterials may be useful too. When the risk of graft failure is excessively high, consideration must be given to a staged surgical approach. The best alternative may well be to place inexpensive, absorbable, nonbiologic mesh, accept hernia recurrence for now, and proceed to a more effective subsequent hernia repair at a later date.
Several milestones were achieved with the use of meshes, and new bioprosthetics hold promise for improving results. However, the surgeon should never forget that the way the mesh is placed as important as the type of mesh used. Despite the new materials available, surgical skill still has a major role in preventing hernia recurrence. Future research will continue to focus on the surgical techniques and biomaterials to achieve the best outcomes.
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